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Introduction {#sec005}
============

Bladder cancer is the fifth most common malignancy in Europe, accounting for 150,000 cases per year \[[@pone.0209101.ref001]\]. Bladder tumors are associated with specific clinical problems that are highly distressing for patients and, in monetary terms, make bladder cancer the most expensive malignancy per treated patient \[[@pone.0209101.ref002]\]. The disease presents itself as either non-muscle invasive bladder cancer (NMIBC, 75%) or muscle-invasive bladder cancer (MIBC, 25%) \[[@pone.0209101.ref003]\]. Although the 5-year survival rate of NMIBC patients is more than 90%, as much as 50% of all NMIBC patients will present with cancer recurrence after transurethral resection (TUR) of the tumor. Therefore these patients require thorough follow-up and adjuvant intravesical therapies \[[@pone.0209101.ref003]\]. One of the major clinical challenges is to improve the efficacy of adjuvant therapies to reduce the risk of recurrences, thereby minimizing patient burden and costs. The standard treatment of non-metastatic MIBC is neo-adjuvant chemotherapy and radical surgery, which is associated with high morbidity rates and even mortality \[[@pone.0209101.ref004]\]. Nonetheless, the 5-year survival rate of patients with MIBC is a mere 55% and this has not improved over the last decades \[[@pone.0209101.ref004],[@pone.0209101.ref005]\]. All these clinical traits of bladder cancer clearly illustrate the necessity to find new, more effective and less burdensome therapies \[[@pone.0209101.ref006]--[@pone.0209101.ref008]\].

One of the most widely used approaches to reduce the risk of recurrence and progression of NMIBC cancer is intra-vesical treatment, which involves rinsing the bladder with a therapeutic compound. A commonly used compound to reduce the risk of recurrence in intermediate-risk NMIBC is mitomycin C (MMC) \[[@pone.0209101.ref009]\]. Systemic administration with cisplatin is the most preferred drug for MIBC in the neoadjuvant, adjuvant or palliative setting. Interestingly the efficacy of both MMC and cisplatin increases upon addition of hyperthermia, during which the tumor is heated to 40--44°C \[[@pone.0209101.ref010]\]. Hyperthermia has therefore attracted much attention to complement current bladder cancer treatment modalities. Adding hyperthermia to intra-vesical MMC treatment has previously demonstrated to improve its efficacy \[[@pone.0209101.ref008],[@pone.0209101.ref011],[@pone.0209101.ref012]\] and recently a randomized trial showed similar efficacy for intravesical chemohyperthermia compared to instillations with *Bacillus Calmette Guérin* in intermediate-risk NMIBC \[[@pone.0209101.ref013]\].

Hyperthermia has a plethora of biological effects on cells that cause cells to be more sensitive to the cross-linking agents MMC and cisplatin \[[@pone.0209101.ref014],[@pone.0209101.ref015]\]. For instance, hyperthermia enhances blood flow and increases vessel permeability, which causes more of the chemotherapeutic drug to be delivered to the tumor \[[@pone.0209101.ref010]\]. Cisplatin uptake is enhanced in the cell by hyperthermia-mediated alteration of cellular membrane properties: it becomes more fluid \[[@pone.0209101.ref016]\], and the copper transporter CTR1, responsible for transport of cisplatin into the cell, is upregulated \[[@pone.0209101.ref017]\]. Moreover, in the specific case of the bladder wall, it has been suggested that hyperthermia might aid in overcoming its impermeable structure \[[@pone.0209101.ref018]\]. Thus, hyperthermia helps to overcome drug transport barriers of bladder tumors. However, once the drug has penetrated into the cells, hyperthermia has other means to increase cisplatin and MMC efficacy, namely by inhibiting DNA repair \[[@pone.0209101.ref019],[@pone.0209101.ref020]\].

Both cisplatin and MMC are DNA crosslinking agents that can cause inter-strand crosslinks (ICLs). These lesions are extremely toxic for cells and their restoration requires a tightly organized combination of DNA repair pathways \[[@pone.0209101.ref021]\]. The major ICL repair pathway produces a double strand break (DSB), which requires repair via homologous recombination (HR) \[[@pone.0209101.ref022]--[@pone.0209101.ref024]\]. HR uses the information from an intact copy of the broken DNA to faithfully restore the break. This step requires strand invasion, during which the broken DNA infiltrates the intact sister chromatid, a process orchestrated by the recombinase RAD51 \[[@pone.0209101.ref022],[@pone.0209101.ref025]\]. RAD51 localization to DNA breaks is aided by BRCA2 \[[@pone.0209101.ref026]\], a protein which is specifically degraded by hyperthermia \[[@pone.0209101.ref019]\]. By degrading BRCA2, hyperthermia inhibits HR and thereby a late step of DNA repair for damage inflicted by the ICL-inducing agents MMC and cisplatin.

Here, we explore whether hyperthermia-mediated inhibition of HR can be used as a marker for increased treatment efficacy in bladder cancer. We use recently developed *ex vivo* assays on fresh bladder tumor biopsies, which allow testing of potential treatments prior to administering them to patients \[[@pone.0209101.ref027]\]. We employ these assays to (1) determine hyperthermia's potentiation of MMC and cisplatin treatment of bladder tumor cells, using a cytochrome C-release assay, and (2) determine the ability of the cells to form RAD51 foci after hyperthermia as a potential biomarker for efficacy of hyperthermia treatment \[[@pone.0209101.ref028],[@pone.0209101.ref029]\].

Material and methods {#sec006}
====================

Experimental outline and treatment timing {#sec007}
-----------------------------------------

To explore the effects of hyperthermia on HR and cell killing, the bladder cancer cell lines (RT112 and T24) and freshly obtained bladder tumors were subjected to hyperthermia and various anti-cancer treatments. Hyperthermia was given in an incubator set at 42°C with a controlled environment (5% CO~2~ and 20% O~2~), while the control was left in the 37°C incubator. Cell cultures were placed in the hyperthermia incubator for 75 minutes, allowing 15 minutes for the medium to reach desired temperature and 60 minutes of effective hyperthermia. If cells or tissues were irradiated, they received the indicated dose from a cesium-137 source at 0.64 Gy/min, directly following hyperthermia. When cells were treated with the radiomimetic agent Zeocin (0.5 mg/ml, InvivoGen), MMC (Sigma-Aldrich) or cisplatin (Accord Healthcare Limited), the dose was added directly before hyperthermia. Two hours after addition of the chemotherapeutic, the cells were washed once with PBS and the medium was refreshed.

Sample collection {#sec008}
-----------------

Bladder tumors (n = 59) were collected at Erasmus Cancer Institute Rotterdam, the Netherlands between 2012 and 2016 (**[S1 Table](#pone.0209101.s001){ref-type="supplementary-material"})**. Eight of the collected tumors (B125, B127, B133, B151, B155, B162, B163 and B166) contained no tumor cells, and were therefore excluded from analysis. All other samples were urothelial carcinomas obtained by Transurethral Resection (TUR). The tumors were collected as surgical residual material under the "Code Proper Secondary Use of Human Tissue", founded by the Dutch Federation of Medical Societies ([www.fmwv.nl](http://www.fmwv.nl/)). Patients could choose not to participate by means of an opt-out system. Patient data was blinded for the researchers by unique coding, so that individual data could not be traced back to the patients. This study was approved by the Medical Ethical Committee of the Erasmus Medical Center in Rotterdam, the Netherlands (MEC-2012-113).

Sample handling {#sec009}
---------------

Directly after TUR the biopsies were transported to the laboratory in RPMI-1640, 10% fetal calf serum and 1% Penicillin/Streptomycin. Upon arrival in the laboratory, the sample was examined macroscopically and was either left whole or subjected to dissociation. Whole tissue material was manually cut into smaller pieces (maximally 3 mm) that allowed it to stay alive *ex vivo* for the duration of the RAD51 focus formation assay (\~four hours). After performing an experiment, the intact material was formalin fixed overnight and subsequently paraffin embedded (FFPE). Tumors were dissociated using the gentleMACS Dissociator and the corresponding protocol (Miltenyi Biotec). The resulting cell suspension was subsequently cultured on coverslips in Amniomax C-100 medium (Gibco Life Technologies) as previously described \[[@pone.0209101.ref027]\]. Both the RAD51 focus formation assay and cytochrome C release assay were performed on the dissociated tumors between 24--48 hours culturing. After an experiment, cells were fixed in 4% PFA for 15 minutes.

Cell culture {#sec010}
------------

Both RT112 and T24 were maintained in 1:1 DMEM/F10 culture medium, supplemented with 10% FCS and 1% Penicillin/Streptomycin in an incubator set at 37°C, 20% oxygen and 5% CO~2~. Cells were kindly provided by dr. Ellen Zwarthoff and regularly tested for mycoplasma and distinguished on morphology.

Sample preparation and immunoblotting {#sec011}
-------------------------------------

RT112 and T24 cells were exposed to hyperthermia and lysed directly afterwards in Laemmli sample buffer (2% SDS, 10% Glycerol and 60 mM Tris pH 6.8 in PBS) by heating at 95°C for 5 minutes. The sample was passed through a syringe to reduce viscosity. Protein concentration was determined by the Lowry protein assay \[[@pone.0209101.ref030]\], before 50 μg protein was prepared with loading buffer (0.01% bromophenol blue and 0.5% β-mercaptoethanol). Samples were then separated on a 5% SDS-PAGE gel and transferred to a PVDF membrane. Proteins were detected with primary antibodies mouse-anti-BRCA2 (OP95, Calbiochem, 1:1000) or mouse-anti-PARP-1 (Alexa 1:1000) and HRP-conjugated Sheep anti-mouse IgG (H+L) (1:2000, Jackson ImmunoResearch) as secondary antibody. Prior to signal detection on an Alliance 4.7 (Uvitec Cambridge), membranes were incubated with ECL substrate (1:1 mixture of A: 0.1M Tris-HCl pH 8.5, 2.5 mM Luminol, 0.4 mM p-Coumaric acid and B: 0.1 M Tris-HCl pH 8.5, 0.02% hydrogen peroxide).

RAD51 focus formation assay {#sec012}
---------------------------

The RAD51 focus formation assay on intact bladder tissue was performed as described previously \[[@pone.0209101.ref028]\]. Briefly, after hyperthermia treatment, samples were irradiated with 5 Gy and fixed two hours after irradiation ended. After FFPE-treatment, the samples were sliced in 4 μm thick sections, and prepared for immunofluorescent labelling with primary antibodies mouse-anti-RAD51 (1:200, GeneTex clone14B4 GTX70230) and rabbit-anti-GMNN (1:400, Proteintech Group 10802-1-AP), and secondary antibodies Alexa Fluor goat-anti-rabbit 594 and goat-anti-mouse 488 (ThermoFisher Scientific). The RAD51-assay performed on established cell lines RT112 and T24 and on attached cells from dissociated tumors, was slightly altered: (1) cells were fixed with 4% PFA for two hours after irradiation, unless stated otherwise in the Figs, and (2) the deparaffinization and target retrieval steps were omitted. S-phase cells in RT112 and T24 cell lines were detected by EdU instead of geminin. Cells were labelled with 10 μM EdU (Invitrogen) 75 minutes prior to fixation, which was detected using a Click-IT reaction according to manufacturer's protocol (Invitrogen), prior to immunostaining of RAD51.

Clonogenic survival {#sec013}
-------------------

Clonogenic survival was performed using an "immediate plating after treatment" protocol \[[@pone.0209101.ref031]\]. In brief, a feeder layer of 20,000 primary fibroblasts irradiated with 40 Gy and 100,000 RT112 or T24 cells were seeded on separate 60 mm dishes. The next day, RT112 or T24 cells were subjected to indicated treatments, immediately trypsinized and seeded at appropriate densities. Colonies were allowed to grow for 10 days before being fixed and stained in 45% methanol (v/v), 45% dH2O (v/v) and 10% Acetic Acid (v/v) and 2.5% Coomassie Brilliant Blue (w/v).

Cytochrome C release assay {#sec014}
--------------------------

Cells were treated with hyperthermia in combination with the indicated chemotherapy. After two hours, medium was refreshed and 1:1,000 of the apoptosis inhibitor Q-VD-OPh (20 μM, MP Biomedicals) was added for 24 hours, after which the cells were fixed with 4% PFA for 15 minutes. Fixed cells were subsequently labelled with mouse-anti-Cytochrome C (1:100, BD Pharmingen) and secondary antibody Alexa Fluor goat-anti-mouse 488 (ThermoFisher Scientific).

Image acquisition and foci counting {#sec015}
-----------------------------------

All images for RAD51 foci analysis were maximum projection of Z-stacks with an increment of 1 μm, obtained with a Leica TCS SP5 confocal microscope with a 63x oil immersion (n.a. 1.4) objective. Image size was 1024 x 1024 pixels and 82 x 82 μm. Foci were quantified using a previously described home-made macro within FIJI (Image J1.50i \[[@pone.0209101.ref032]\]) \[[@pone.0209101.ref033]\] was used to quantify foci. Cells were selected based on the perimeter of EdU staining, and the MaxEntropy thresholding algorithm was prior to the 'Analyze Particles'-function. Images for measurement of Cytochrome C-release were obtained with the same confocal microscope but with different settings: a 20x dry objective was used to obtain images sized 1024 x 1024 pixels and 247 x 247 μm. Cells were manually analyzed and counted using Z-stacks with an increment of 2 μm on 5--10 independent stacks from one sample.

Statistics {#sec016}
----------

All graphs were generated in GraphPad Prism 5.02. For the apoptosis assay, the proportion apoptotic cells, and a standard error of the proportion were determined by dividing the number of cytochrome C releasing cells by the total population. Statistical tests used to determine significance of the results are indicated in the text or figure legends.

Results {#sec017}
=======

Differential sensitivity to chemotherapeutics in RT112 and T24 cell lines {#sec018}
-------------------------------------------------------------------------

With the goal to find preclinical markers which can predict whether hyperthermia is a useful addition to the treatment of bladder cancer, we started by establishing a functional survival assay suitable for freshly obtained bladder tumors. We first set up the assay in two established bladder cancer cell lines that have been used in hyperthermia research before: T24 and RT112 \[[@pone.0209101.ref034]\]. We determined the clonogenic survival capacity of heated or unheated RT112 and T24 cells treated with irradiation ([Fig 1A](#pone.0209101.g001){ref-type="fig"}), MMC ([Fig 1B](#pone.0209101.g001){ref-type="fig"}) and cisplatin ([Fig 1C](#pone.0209101.g001){ref-type="fig"}). We chose to treat cells with hyperthermia for 60 minutes at 42°C, corresponding to the time and temperature bladder cancer is treated using the BSD-1000 or BSD-2000 (BSD Medical, Salt Lake City, UT, USA) \[[@pone.0209101.ref008]\]. In both cell lines, this dose of hyperthermia sensitized cells to irradiation ([Fig 1A](#pone.0209101.g001){ref-type="fig"}), but there was clear difference in the sensitivity to both chemotherapeutics: T24 was relatively resistant to MMC treatment and could hardly be sensitized by hyperthermia, while RT112 was very sensitive to MMC, and this was further enhanced by hyperthermia ([Fig 1B](#pone.0209101.g001){ref-type="fig"}). This difference in MMC-sensitivity in these cell lines has previously been described, although tested with 43°C hyperthermia and by employing the MTT assay, which provides a measure of proliferation and does not test genetic viability \[[@pone.0209101.ref035]\]. For cisplatin we found the opposite of MMC sensitivity in RT112 and T24 cell lines ([Fig 1C](#pone.0209101.g001){ref-type="fig"}). The differential response towards cisplatin in unheated conditions in RT112 and T24 cells has been described before, and was attributed to a 2.5 fold-increased formation of ICLs in T24 relative to RT112, and increased levels of glutathione, a molecule associated with cisplatin-resistance, in RT112 \[[@pone.0209101.ref036],[@pone.0209101.ref037]\].

![Survival responses of tumor cell lines to MMC and cisplatin.\
**A)-C)** Colony survival assays of bladder cancer cell lines RT112 and T24. Cells were treated without (blue) or with hyperthermia (red), and exposed to either **A)** irradiation up to 6 Gy, **B)** MMC up to 0.4 μg/ml and **C)** cisplatin up to 6 μM. **D)** and **E)** Graphs presenting percentages of cells with cytochrome C-release 24 hours after treatment with hyperthermia and indicated doses of **D)** MMC or **E)** Cisplatin. Cells were treated with caspase-inhibitor Q-VD-OPh to prevent full completion of the apoptosis-program. The arrow in the Fig embedded in panel D) T24 indicates a cell scored as Cytochrome C-release-positive. At least 500 cells were analyzed for each condition, bars represent proportion ± standard error of the proportion. Asterisk indicate significance as determine by Students' *t-*tests: \* *p*\<0.05; \*\* 0.001\<*p*\<0.01; \*\*\* *p*\<0.001. Exact *p-*values can be found in [S2 Table](#pone.0209101.s002){ref-type="supplementary-material"}.](pone.0209101.g001){#pone.0209101.g001}

To investigate chemotherapeutic sensitivity in tumors, an alternative approach to the colony survival assay is needed. Although bladder cancer tissue can be dissociated and cultured outside of the body, this can only be done temporarily, and therefore an alternative survival assay should be short-term \[[@pone.0209101.ref027]\]. We therefore selected an easily detectable, early step in the apoptosis pathway: release of mitochondrial cytochrome C \[[@pone.0209101.ref038]\]. During the assay, cells were exposed to selected treatments and subsequently treated with an apoptosis-inhibitor (Q-VD-OPh). The apoptosis inhibitor prevents cells from undergoing the full apoptotic program and therefore release of cytochrome C from the mitochondria can be quantified. After 24 hours, the cells were fixed and stained for cytochrome C, and the fraction undergoing release was determined ([Fig 1D](#pone.0209101.g001){ref-type="fig"}).

The cytochrome C-release assay was tested on RT112 and T24 cells, with or without hyperthermia, treated with increasing doses of MMC ([Fig 1D](#pone.0209101.g001){ref-type="fig"}) and cisplatin ([Fig 1E](#pone.0209101.g001){ref-type="fig"}). Importantly, hyperthermia itself did not induce cytochrome C-release ([Fig 1D and 1E](#pone.0209101.g001){ref-type="fig"}). MMC did induce cytochrome C release in both RT112 and T24 cells but, as in the colony formation assay, RT112 was more sensitive, as a much higher percentage of cells displayed MMC-induced cytochrome C release compared to T24. Interestingly, the cytochrome C release assay detected maximum treatment effects of MMC at 40 μg/ml. This is illustrated in RT112, where the number of apoptotic cells diminished when the concentration of MMC was increased from 40 to 60 μg/ml. Moreover, hyperthermia elevated the percentage of apoptotic cells at lower concentrations of MMC (20--40 μg/ml), but failed to do so at 60 μg/ml MMC in both cell lines ([Fig 1D](#pone.0209101.g001){ref-type="fig"}). It is possible that the high concentration of MMC induces necrosis, which is not inhibited by the apoptosis inhibitor and therefore not detected in the cytochrome C release assay. Corresponding to results from the colony survival assay, RT112 was relatively insensitive to cisplatin, while a significant amount of T24 did undergo apoptosis upon treatment ([Fig 1E](#pone.0209101.g001){ref-type="fig"}). In both cell lines, hyperthermia elevated the percentage of cells with released cytochrome C ([Fig 1E](#pone.0209101.g001){ref-type="fig"}).

Cytochrome C in tumors {#sec019}
----------------------

In both RT112 and T24, the cytochrome C release-assay could be used to quantitate their sensitivity towards cisplatin and MMC, and demonstrate their enhanced sensitivity upon additional hyperthermia treatment. We therefore continued by testing the suitability of the assay to detect sensitivity of dissociated tumors. Because the number of coverslips that could be obtained was usually small, we selected limited conditions to be tested: control, 40 μg/ml MMC and 40 μg/ml cisplatin. Because hyperthermia by itself did not induce apoptosis in RT112 and T24, only MMC and cisplatin treatment were combined with hyperthermia.

Out of 13 bladder tumors dedicated for the cytochrome C release-assay, eight tumors produced sufficient numbers of attached bladder cells to perform the assay ([Fig 2A--2H](#pone.0209101.g002){ref-type="fig"}). Because the size of bladder tumors obtained was limited, or because cells did not attach to coverslips, not all samples were tested for the full set of conditions. For the five tumors for which unheated control data was obtained ([Fig 2A, 2C, 2D, 2G and 2H](#pone.0209101.g002){ref-type="fig"}), the percentage of cells undergoing cytochrome C release increased upon MMC treatment in four samples ([Fig 2A, 2C, 2D and 2H](#pone.0209101.g002){ref-type="fig"}), as was the case in all cisplatin treated samples. Hyperthermia increased the percentage of apoptotic cells in six out of seven samples treated with MMC ([Fig 2A, 2C, 2D, 2F, 2G and 2H](#pone.0209101.g002){ref-type="fig"}) and decreased the percentage in one ([Fig 2B](#pone.0209101.g002){ref-type="fig"}). This decreased number of apoptotic cells upon hyperthermia treatment may again be due to an increase in necrosis rather than apoptosis. For cisplatin treatment, hyperthermia increased the percentage of apoptotic cells in six out of eight samples ([Fig 2A, 2B, 2C, 2D, 2F and 2G](#pone.0209101.g002){ref-type="fig"}) and did not alter the percentage in the remaining two ([Fig 2E and 2H](#pone.0209101.g002){ref-type="fig"}).

![Cytochrome C release in dissociated bladder tumors.\
Graphs representing the percentage of Cytochrome-C-positive cells in dissociated bladder tumors. Tumor cells were cultured for 1--2 days before being subjected to hyperthermia in combination with 40 μg/ml MMC or 40 μg/ml cisplatin. After treatment, medium was refreshed and the caspase-inhibitor Q-VD-OPh was added. After 24 hours, cells were fixed, stained and scored for Cytochrome C-release positivity. **A)-H)** all represent different tumors. N.d. = not determined. The number of cells analyzed are indicated in each bar, which represent proportion ± standard error of the proportion. Asterisk indicate significance as determine by Students' *t-*tests: \* *p*\<0.05; \*\* 0.001\<*p*\<0.01; \*\*\* *p*\<0.001. Exact *p-*values can be found in [S3 Table](#pone.0209101.s003){ref-type="supplementary-material"}.](pone.0209101.g002){#pone.0209101.g002}

Quantitative and morphological differences in RAD51 foci in T24 and RT112 lines {#sec020}
-------------------------------------------------------------------------------

The *ex vivo* RAD51 focus formation assay has been used successfully to determine the HR-status of freshly isolated mamma tumors \[[@pone.0209101.ref028],[@pone.0209101.ref029]\]. To check whether this assay can be used to determine the effectivity of heat-induced HR-deficiency in bladder tumors, we first studied the appearance of RAD51-foci in the T24 and RT112 cell lines \[[@pone.0209101.ref034]\]. To measure hyperthermia-induced HR-deficiency in these cell lines, we first confirmed that BRCA2 was degraded upon hyperthermia in these cell lines ([Fig 3A](#pone.0209101.g003){ref-type="fig"}). The initial level of BRCA2 relative to the loading control PARP-1 was higher in RT112 than in T24, possibly because BRCA2 is mostly expressed in S-phase \[[@pone.0209101.ref039]\], in which relatively more RT112 cells than T24 cells reside \[[@pone.0209101.ref040]\]. However, the BRCA2-levels dropped substantially in both cell lines when hyperthermia was applied, implying that hyperthermia indeed affects HR in these two bladder cancer cell lines ([Fig 3A](#pone.0209101.g003){ref-type="fig"}).

![Hyperthermia induces distinct changes in RAD51 foci in RT112 and T24 cell lines.\
**A)** Immunoblots of samples treated with or without hyperthermia, probed for BRCA2 and PARP-1 as a loading control. **B)** RT112 cells were treated with or without hyperthermia and subsequently irradiated with the indicated dose. Cells were then incubated at 37°C, and fixed at indicated time-points afterward irradiation. EdU was present for one hour prior to fixation to identify S phase cells. Cells were stained for EdU and RAD51. Pictures are a maximum projection of a Z-stack, and the dotted lines denote the perimeter of EdU-positive nuclei. **C)** The 2-dimensional graph expresses a quantified classification of RAD51 foci. Each dot in the graph represents one cell, plotted based on the number of RAD51 foci in its nucleus (y axis) and their integrated density (x axis); a derivate of intensity and area per nucleus. Cells without foci are presented in the embedded figure noting '0 foci'. **D)** and **E)** As panel B and C, but for T24 cells.](pone.0209101.g003){#pone.0209101.g003}

Next, we analyzed the effects of hyperthermia treatment on the appearance of RAD51 foci at different time points after 5 Gy irradiation. Proper quantification of RAD51 focus formation capacity under different experimental conditions requires identification of S-phase cells\[[@pone.0209101.ref041]\]. Therefore, EdU was included in the culture media for an hour prior to fixing the cells, and only cells positive for EdU-staining were analyzed. Within the EdU-positive cells, the RAD51-foci were analyzed for both number per cell and integrated density, an expression of their intensity and area \[[@pone.0209101.ref033]\]. In the RT112 cell population, we found an average of 11 foci per nucleus when cells had not been irradiated ([Fig 3B and 3C](#pone.0209101.g003){ref-type="fig"}). When cells were irradiated, this number of foci increased to 35 foci at 60 minutes. Hyperthermia lowered the number of RAD51-foci and changed their morphology to less intense, smaller, and more dispersed at all time-intervals after irradiation. This change in their visual appearance ([Fig 3B](#pone.0209101.g003){ref-type="fig"}) was reflected in a reduction in their integrated density, as more objective measurement of their morphology ([Fig 3C](#pone.0209101.g003){ref-type="fig"}). The hyperthermia-induced reduction in foci number and change in appearance lasted at least until 60 minutes after irradiation (as indicated by the separation of the populations of red and blue dots in [Fig 3B](#pone.0209101.g003){ref-type="fig"}, lower panel, 60 min). At two hours after irradiation cells with an increased number of foci with a larger integrated density started to re-appear in the population ([Fig 3C](#pone.0209101.g003){ref-type="fig"}, 120 min). The RAD51-focus behavior observed in the T24 cell line was markedly different from the RT112 cell line: almost all unirradiated cells had no RAD51 foci, and they were induced only at a slow rate. The number of cells that did not have any foci greatly increased upon hyperthermia ([Fig 3D and 3E](#pone.0209101.g003){ref-type="fig"}). Moreover, the average number of foci in a hyperthermia-treated cell was much lower relative to 37°C controls ([Fig 3D and 3E](#pone.0209101.g003){ref-type="fig"}).

*Ex vivo* RAD51 focus formation assay on fresh bladder tumor biopsies {#sec021}
---------------------------------------------------------------------

The number and appearance of RAD51-foci altered substantially upon hyperthermia in both bladder cancer cell lines, indicating that RAD51-focus formation could be a suitable biomarker for determining the effectivity of hyperthermia in bladder tumors. Out of 57 collected tumor samples, 48 samples contained sufficient tumor material to perform a RAD51-focus formation assay. We tested both intact tissue and dissociated tumors that were cultured for 1--2 days, to test the robustness and versatility of the assay. RAD51 foci were induced using either irradiation (5 or 10 Gy) or the radiomimetic agent Zeocin \[[@pone.0209101.ref042]\]. After DNA damage induction the cells were incubated at 37°C for two hours before fixation to allow RAD51 foci to form. Fixed tissue or cells were stained for RAD51, while geminin (GMNN) was used as a marker for S- and G2-phase cells.

Upon analysis, we excluded a number of samples because there were no GMNN-positive cells detected (n = 6) or no visible RAD51-foci in cells that did not undergo hyperthermia treatment (n = 5). In the remaining samples (n = 37), we distinguished two categories of RAD51 focus patterns upon hyperthermia: (1) foci became smaller and dispersed or, (2) foci morphology appeared to be unaltered ([Fig 4A](#pone.0209101.g004){ref-type="fig"}). Tumors which exhibited a clear response towards hyperthermia, visible as small and dispersed RAD51-foci, represented the majority of the samples (64%, [Fig 4B](#pone.0209101.g004){ref-type="fig"}). We subdivided the frequency distribution based on technical preparation of the samples (undissociated or dissociated) and on the manner of damage-induction, but did not find statistically significant differences in distribution of RAD51-focus within these categories ([Fig 4C](#pone.0209101.g004){ref-type="fig"}). Moreover, two tumors that were subjected to the assay in both undissociated and dissociated format could be analyzed, and in these cases the individual experiments were qualified within the same RAD51-category. Furthermore, a frequency distribution subdivision based on clinical parameters available for 34 tumors revealed that the reaction of RAD51-foci upon hyperthermia was not dependent on tumor grade, stage, recurrence or *European Association of Urology* risk stratification \[[@pone.0209101.ref043]\] ([Fig 4D](#pone.0209101.g004){ref-type="fig"}).

![Classification of RAD51-focus morphology upon hyperthermia in human bladder cancer.\
**A)** Two hours after DNA-damage induction irradiation or zeocin, tumors were fixed and prepared for immunohistochemistry and subsequently stained for GMNN (green) and RAD51 (red). Pictures presented are examples of both undissociated and dissociated tumors exhibiting the two distinct morphological responses of RAD51-foci. Panels below the blue thermometer received no treatment before damage induction; panels below red thermometers were first treated with hyperthermia. The images are maximum projections of Z-stacks from representative areas of the tumors. **B)** Graph representing the frequency distribution of the morphological response of RAD51-focus upon hyperthermia treatment. The white part of the bar represents foci which have become smaller and more dispersed upon hyperthermia, the black part represents foci that did not change in morphology. Each bar contains the number (n) of analyzed tumors below. **C)** Frequency distribution based on the tumor preparation step (undissociated or dissociated) or on the method of damage induction. Two tumors are classified in both methods of tumor preparation, because both were performed on the same tumor, and had the same result. No differences were found in the foci-response distribution between the technical methods (Fisher's Exact test, *p*-values stated in the Fig). **D)** Distribution of RAD51-foci response upon hyperthermia based on clinical data (available for 36 tumors). No differences were found in the frequency distribution based on tumor grade (G1 and G2 vs G3, Fisher's exact test), tumor stage (Ta, T1 and T2, Chi-square), primary versus recurrent tumors (Fisher's exact test), or in the EAU risk classification (intermediate or high \[[@pone.0209101.ref043]\], Fisher's exact test). *p-*values are indicated in the figures.](pone.0209101.g004){#pone.0209101.g004}

Discussion {#sec022}
==========

In this work, we explored two *ex vivo* assays that are directed towards determining the effects of hyperthermia on urothelial cancer cells. For both assays, bladder tumor tissue or dissociated tumor cells were treated with hyperthermia *ex vivo* and the effects were measured in a short period afterwards. Specifically, we studied the effect of hyperthermia on induction of apoptosis by quantitating cells displaying cytochrome C release and on HR DNA damage repair capacity by qualitative and quantitative analysis of RAD51 foci.

Cytochrome C-release is an early step in the apoptosis response, which makes it an ideal candidate to measure the fraction of apoptotic cells at an early stage after certain treatments \[[@pone.0209101.ref038]\]. Therefore, we tested the cytochrome C-release assay to determine sensitivity of bladder tumors towards cisplatin and MMC, and to determine if hyperthermia adds to the cell killing potential of these therapies. We started with models of bladder cancer, the bladder cancer cell lines RT112 and T24, and find that cell killing in the cytochrome C-release corresponds to the survival fraction in colony survival. We then were able to perform this assay successfully in 8 out of 13 fresh tumors, and within this set different responses to specific therapeutic combinations are found. Moreover, the assay detects enhanced apoptosis by addition of hyperthermia in bladder cells, and could therefore be useful to predict treatment response *ex vivo*.

The enhanced apoptosis response found when hyperthermia is combined with cisplatin and MMC in bladder cancer can be due to one or more of the many modes of action that might enhance sensitivity towards cisplatin and MMC \[[@pone.0209101.ref018]\]. One of the effects which might be of particular importance and can easily be measured is hyperthermia-induced degradation of BRCA2, which alters RAD51-focus behavior and ultimately inhibits HR \[[@pone.0209101.ref019]\]. Studying RAD51-foci formed *ex vivo* has been used as a functional assay to determine the genetic HR-status of breast cancer tissue indirectly \[[@pone.0209101.ref028],[@pone.0209101.ref029]\], and we therefore tested whether this assay can be used on bladder cells to determine the effects of hyperthermia on HR. We found that although hyperthermia induced BRCA2 degradation in both cell lines, there was a distinct difference in RAD51-focus appearance upon hyperthermia. In RT112 cells, foci became small and dispersed, while in T24 cells the number of foci decreased dramatically, but the morphology of the remaining RAD51 foci remained mainly intact. Both changes in RAD51-focus formation and morphology have been observed earlier, albeit at different temperatures \[[@pone.0209101.ref033]\]. This indicates that both a decrease in focus number as well as a change in morphology can be considered as a positive signal in the context of hyperthermia-effectivity. Interestingly, the small and dispersed foci in RT112 cells are also found when HeLa-cells were treated with temperatures exceeding 43°C. This type of foci has been suggested to form independent of BRCA2, and might be a result of replication stress \[[@pone.0209101.ref033],[@pone.0209101.ref044]\]. This hypothesis is supported by the large number of spontaneous RAD51-foci in RT112 cells, indicating high levels of endogenous DNA breaks.

Next, we applied the RAD51 focus formation assay to 48 freshly isolated bladder tumor samples. Interestingly, five samples had no visible RAD51-foci prior to hyperthermia, suggesting that \~10% of the bladder tumors are inherently HR-deficient, a percentage similar to that previously reported for primary breast cancers \[[@pone.0209101.ref028]\]. Thus, in bladder cancer, this *ex vivo* assay can potentially be used to identify a group of patients that might benefit from precision anti-cancer treatments directed against HR-defective tumors (*i*.*e*. PARP-1 inhibition) \[[@pone.0209101.ref045]\]. An additional six tumor samples were excluded for technical reasons.

In the majority of the 37 samples that we could analyze (64%), we found a clear response after hyperthermia: induction of small and dispersed RAD51 foci. In the remainder of the samples, hyperthermia did not alter the morphology of the RAD51-foci. Unfortunately, factors like cell heterogeneity, a small number of GMNN positive cells and the possibility that a paraffin section did not contain an entire nucleus, restrict analysis of the outcomes of extensive quantification and qualification as performed in the cell lines. Because we cannot measure the number of RAD51 foci accurately, the group where RAD51 foci had similar morphology before and after hyperthermia can potentially contain samples where HR-deficiency was induced and where samples were non-responsive towards hyperthermia. It is likely that a number of the samples with morphologically similar foci before and after hyperthermia is indeed refractory to the effects of heat, as is illustrated by combining the RAD51-focus results with thermal enhancement ratios (TERs) calculated based on the results from the cytochrome C-release assay (B147 and B154, [Table 1](#pone.0209101.t001){ref-type="table"}).

10.1371/journal.pone.0209101.t001

###### RAD51 focus response and TER.

![](pone.0209101.t001){#pone.0209101.t001g}

  Tumor      RAD51 focus response          TER MMC   TER cisplatin
  ---------- ----------------------------- --------- ---------------
  **B135**   n.d.                          2.1       5.0
  **B141**   Small/Dispersed               0.61      5.0
  **B142**   Similar                       2.0       1.2
  **B143**   n.d.                          1.5       1.9
  **B147**   Similar                       n.d.      n.s.
  **B149**   Small/Dispersed               1.4       1.3
  **B150**   N.D. (small Foci before HT)   1.1       1.4
  **B154**   Similar                       1.3       n.s.

TER = Thermal Enhancement Ratio. Calculated using the percentages of apoptotic cells treated with indicated chemotherapeutic detected in the Cytochrome C-assay. Percentage of apoptotic cells found with hyperthermia divided by that found at normal temperature. n.d. = not determined. n.s. = not significant, therefore no TER calculated

Using a small number of bladder tumors, our study provides a basis for the use of two *ex vivo* assays to classify the response of bladder tumors upon hyperthermia or chemotherapy. The cytochrome C-release assay could potentially be useful to predict the response of a tumor to a chemotherapeutic, and to predict whether hyperthermia might add to this treatment. Importantly, we are able to perform these treatments on samples cultured *ex vivo*, which would allow us to assess treatment response on a biopsy, and thus prior to administrating the treatment to the patient. We also demonstrated that the RAD51-focus formation assay can be used as a marker for hyperthermia-mediated induction of HR-deficiency in bladder cancer specimens, and that the RAD51-focus response could potentially be a biomarker for hyperthermia-efficacy. Although these first and small-scale tests indicate that both assays are feasible for bladder tumors, a larger follow-up study that matches patient data to investigated tumors is needed to determine the clinical relevance of the results.
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